defining it as follows: "Adhesion can be defined unambiguously only in terms of the energy involved in the formation of the adhesive junction. Thus two surfaces may be said to have adhered when work is required to separate them to their original condition." Physically speaking, adhesion is an example of particle adsorption on a substrate (Rutter & Vincent 1988) . Bacteria usually carry a net negative charge, and so do the surfaces to which they absorb (Van Loosdrecht et al. 1990 ). They can further be considered colloidal particles, though they are not inert and can change characteristics with altering environment (Van Loosdrecht et al. 1990) .
Various authors have expanded on the physicochemical thermodynamic approach, including Absolom et al. (1983) , Rutter and Vincent (1984) , and Van Loosdrecht et al. (1989) . Absolom et al. (1983) employed a concept of short-range interaction. Bacteria are seen to be in direct contact with the substratum and the Gibbs free energy is estimated from the interfacial tension. Alternatively, the contact angle can be used. Vincent (1984, 1988) used the long-range interaction concept based on the DLVO (Derjaguin and Landau, and Verwey and Overbeek) theory for colloidal stability. Here the interaction Gibbs free energy between particle and surface is a function of the distance between the two. As both bacteria and surface usually carry a net negative charge there is a net repulsive interaction between cells and surface (Van Loosdrecht et al. 1989 ).
Other authors have taken an empirical approach, observing attachment microscopically, and modeling the adsorption process thereon. Among them are Characklis (1983) , Costerton et al. (1987) , Hamilton (1987) , Bryers (1988) , and Wolfaardt and Cloete (1992) . Attachment is usually studied by image analysis of video signals of thin flow cells. The most important technique described to date is image analysis of images obtained by con-focal laser microscopy developed by Caldwell and Lawrence (1989) . Hamilton (1987) argued that new surfaces in aqueous surroundings adsorb organic molecules, resulting in a so-called conditioning film. Bacteria can then attach to this layer and not to the metal surface. Lawrence et al. (1987) described the mechanics of attachment of Pseudomonas fluorescence to surfaces in the hydrodynamic environment: motile cells move down and upstream even against a laminar flow velocity. At this stage, some detach and reattach elsewhere. After 2 min. rotation slows and ceases and the cell becomes attached along its longitudinal axis. Extra cellular polymers are produced, which fill the area between cell and surface and attach the cell irreversibly (Lewin 1984; Costerton & Lappin-Scott 1989) . Attached cells grow and divide, sliding in next to each other in an obliquely adjacent position (Lawrence et al. 1987) . Some members of the microcolony then start a vibrational movement, which leads to some cells leaving the surface (Lawrence et al. 1987; Figure 25.1) .
DEVELOPMENT OF BIOFILMS
Cells in the microcolonies produce extracellular polymers (EPS) (Costerton et al. 1987) . Costerton et al. (1981) termed EPS, whether capsule or a loose network, as a glycocalyx. The bacterial cell is at a set distance from the surface, depending solely on the radius of curvature, and protrusions such as flag-ella, pili, and loose strands of EPS can penetrate the energy barrier (Lewin 1984) . EPS are complex polymers, which vary not only between isolates, but also under different culture conditions (Sutherland 1985; Whitfield 1988) .
As the surface is covered, lateral interactions between particles must be taken into account. If adsorbing particles are all of the same type, lateral interactions will be repulsive at low electrolyte concentrations, but attractive at high ones (Rutter & Vincent 1984) . Electrolytes actually decrease the repulsive effect of the electrical double layer sufficiently by changing the surface charge of particles.
Parameters affecting the development of biofilms:
• Ambient and system temperatures that is related to season, day length, climate, and wind velocity.
• Water flow rate past the surface • Nutrient availability.
• Roughness or the surface material.
• An approximately neutral pH of the water is optimal for the growth or most biofilm-forming bacteria.
• Particulate matter can become entrapped in the developing biofilm and provide additional attachment sites.
• Effectivity of biofouling control measures.
The primary colonisers are mainly Pseudomonas species as they attach well and possess polar flagella (Wolfaardt 1990) . During biofilm development, considerable amounts of EPS material are synthesized such that the mature biofilm contains only 10% or less of its dry weight in the form of cells (Hamilton 1985) . Oxygen in the film is depleted by respiration. Young biofilms contain few species, reflecting the low diversity of pioneer populations (Atlas 1984) , but diversity increases to form a stable climax community. Diversity is always underestimated due to the selectivity and inadequacy of pure-culture isolation techniques (Brözel 1990) .
Sessile bacteria have different properties to those of planktonic or agar-grown bacteria. They exhibit a different metabolism, and are often highly dependent on other members of the consortium (Costerton et al. 1986 ). Much information has been published on the planktonic bacteria. Yet these constitute less than 0.1%ormost ecosystems (Costerton et al. 1986 ). Valeur et al. (1988) showed that free-living Gram-negative bacteria had different membrane lipid composition and a much higher poly-hydroxybuty rate (PHB) content than attached bacteria.
As the biofilm develops, various gradients develop across it, as exchange of substances (nutrients and gasses) only occurs on one side (Characklis 1983) . A nutrient gradient develops, with respiration at the upper layer and fermentation in the middle layer (Pfennig 1984 ). An oxygen gradient also develops, due to respiration of bacteria in the upper layer (Hamilton 1987) . When the biofilm has reached a thickness of 10-25 micrometer, conditions at its base are anaerobic (Hamilton 1987) . The biofilm is now approaching a state of maturity, with a high species diversity and consequent stability (Hamilton 1987) .
The formation of biofilms is of considerable importance in the food industry where attached bacteria on surfaces in food processing plants are a potential source of food contamination. Biofilms develop and survive sterilization in dead ends of pipelines in liquid food processing plants and act as a point of contamination of the sterilized product.
When a metal is exposed to natural waters, corrosion begins immediately. In some cases microorganisms influence the corrosion process. The corrosion of metal and the composition of the corrosion deposits largely depend on microbiology, metallurgy, electrochemistry, and bulk water chemistry (Borenstein 1994) .
Abiotic (Electrochemical) Corrosion
Corrosion is an electrochemical phenomenon in which the electrical potentials of two adjacent areas of a metallic surface within a conductive medium differ relative to each other, such that one area is anodic and the other cathodic (Barton 1997; Hamilton 1985) . Metals are usually found in nature in their oxidised state, with the exception of some of the noble metals, which may occur in the elementary state (Brözel 1990 ). However, metals used in the man-made structures of today exist in a state of high energy, which easily reverts in the presence of a suitable electron acceptor (Brözel 1990) . Corrosion is common to all base metals in aqueous, or at least humid, environments (De Bruyn 1992) .
Metal dissolution takes place at the anodic sites (Hamilton 1985; Barton 1997) :
The electrons are accepted in a cathodic reaction at separate sites (Hamilton 1985) . Oxygen is most commonly involved in the reaction at the cathode and occurs at neutral or alkaline pH values (Hamilton 1985; Barton 1997) :
However, under acid conditions, protons may be the cathodic reactant,
giving rise, first to atomic then to molecular hydrogen (Hamilton 1985) . The products of the anode and cathode processes usually react to yield corrosion products, as in the case of iron:
Ferrous hydroxide is converted to ferric hydroxide in the presence of additional oxygen, which precipitates as hydrous ferric oxide (Fe 2 O 3 .H 2 O), a form of rust (Iverson 1987) .
Ultimately, the rust deposited on steel consists of three layers of iron oxides at different stages of oxidation (Lee et al. 1995) . The innermost adherent layer is largely greenish ferrous hydroxide (Fe(OH) 2 ); the outer layer consists largely of orange ferric hydroxide (Fe(OH) 3 ), while magnetite (Fe 3 O 4 ) forms a black intermediate layer between the ferrous and ferric hydroxides. The corrosion products form loose films or very thin, slightly adhesive protective films, which decrease the rate of corrosion (De Bruyn 1992) . The anodic and cathodic reactions must remain in balance and the electrolytic cell must continue functioning over prolonged periods in order for corrosion to proceed (DeBruyn 1992).
Microbiologically Influenced Corrosion (MIC)
Microbial activity may induce or enhance corrosion reactions (Ford & Mitchell 1990) . The deterioration of a material, usually a metal, by processes which occur, either directly or indirectly, as a result of bacterial activity may be defined as microbial induced corrosion (MIC) (De Bruyn 1992; Iverson 1987) . MIC is also known as biological corrosion, biologically induced corrosion and bio corrosion (Borenstein 1994) .
MIC constitutes approximately 10% of all metallic corrosion (Brözel & Cloete 1989) . In South Africa alone the direct cost of MIC has been estimated at around R400 m per annum, and at 16 to 17 billion US dollars per annum in the USA (Brözel & Cloete 1989) . Two distinct classes of microorganisms cause corrosion, the aerobic and anaerobic groups with distinctly different types of corrosion reactions (Von Holy 1985) . The classic corrosion reaction is electrochemical and remains valid for MIC (Ford & Mitchell 1990; De Bruyn 1992) . However, the involvement of microorganisms in this process has been difficult to evaluate (Ford & Mitchell 1990) . Due to the fact that corrosion processes are almost always complex, involving several possible reactions, there are practical difficulties associated with the unequivocal identification of MIC in many field situations (Hamilton 1985) . There are a variety of environmental factors, which obstruct the study of corrosion mechanisms (Lee et al. 1995) . These reactions are therefore not mutually exclusive but instead can act in concert.
The anodic and cathodic reactions must remain in balance and the electrolytic cell must continue functioning over prolonged periods for corrosion to proceed to a significant extent (Hamilton 1985) . Under aerobic conditions, these conditions are met by the continuous supply of oxygen to the cathode and by the removal of insoluble iron oxides and hydroxides at the anode (Hamilton 1985) . The role of the microorganisms is either to assist in the establishment of the electrolytic cell (indirect) or to stimulate the anodic or cathodic reactions (direct) (Hamilton 1985) .
According to Cloete and Flemming (1997) , microorganisms influence corrosion in a number of ways:
• Utilisation of oxygen by aerobic organisms resulting in anodic areas. Localised differences in concentration shift the potential of metal surfaces resulting in the creation of localized corrosion cells.
• Utilisation of hydrogen by microorganisms via a cathodic reaction depolarises the cathode which increases the rate of metal loss at the anode • Microbial degradation of protective coatings on metal surfaces • Microbial degradation of corrosion-inhibiting chemicals added to protect metals in industrial water systems-corrosion or scaling inhibitors • Microbial production of metabolites which are corrosive organic and inorganic acids are often end-products of the metabolism of microorganisms • Metabolic by-products such as H 2 S can precipitate metal ions, such as iron to form FeS, which is corrosive itself.
According to Lee et al. (1995) , MIC may be considered as the net result of the following processes:
• Transport and accumulation of materials from the bulk liquid to the metal surface. These materials can be soluble (microbial nutrients and corrosive chemicals) or particulate (viable microorganisms or inorganic particles) • Microbial and electrochemical transformation processes within the biofilm and the metal surface. Microorganisms excrete extra-cellular polymers, which contribute to the biofilm deposit and promote adherence of corrosion products. Microbial transformation processes influence the corrosivity of the microenvironment at the biofilm-metal interface. Abiotic processes influence the rate, extent, and distribution of colonizing microbial species, as well as the chemical composition and physical properties of the resulting biofilm.
• Erosion and detachment from the surface of the film. These processes limit the overall extent of fouling deposit accumulation.
There are five factors, which are believed to contribute to MIC:
• The formation of oxygen concentration cells • Formation of ion concentration cells • Activities of iron-and manganese-oxidising bacteria • Microbiological acid production • Creation of anaerobic conditions promoting growth of SRB (Cloete & Fleming 1997) MIC can involve a plethora of organisms and mechanisms; effects may be specific as with Fe 2+ to Fe 3+ oxidation by Gallionella or the production of organic acids by Cladosporium, or of a more general character as with differential aeration cells arising from colonial growth or biofilm patchiness (Barton 1997) . According to Cloete and Flemming (1997) , electrochemical processes can be initiated or augmented by microbes. The simplest approach is therefore to consider the various metabolic activities concerned, and examine how each can affect metal surfaces. These metabolic activities are:
• Absorption of nutrients (including oxygen) by microbial growths adhering to metal surfaces • Liberation of corrosive metabolites or end-products of fermentative growth (i.e. organic acids)
• Production of sulphuric acid from reduced sulphur compounds by chemolithotrophic autotrophs of the genus Thiobacillus • The interference with the cathodic process in oxygen-free conditions by SRB (Cloete & Flemming 1997) 
PROCESS ANALYSIS OF MIC
Systems undergoing MIC can be categorized as follows: (Lee et al. 1995 ; Figure 1 ).
The corrosion rate and probably also the corrosion mechanism depend upon the different types of biofilms, which develop (Lee et al. 1995) . The water chemistry and fluid dynamics of the system under study, in turn, affect the developing of biofilms. There are three biofilm systems, which may be considered (see Figure 1) • A totally aerobic biofilm, where oxygen is present in the bulk liquid and also penetrates through the entire biofilm • A totally anaerobic biofilm, where oxygen is absent from both bulk liquid and biofilm • An aerobic/anaerobic biofilm, where oxygen is present in the bulk liquid and where anaerobic microniches and/or an anaerobic layer exist in the biofilm (Lee et al. 1995) Accordingly, biocorrosion will be discussed under these three biofilm systems.
Aerobic Processes
Oxygen acts as the electron acceptor at the cathodic sites, in aerobic corrosion processes, to form hydroxides (Ford & Mitchell 1990 ). Limited information is available about the influence of microorganisms on mechanisms of aerobic corrosion because of the assumption that abiotic oxidative processes are much more rapid. The importance of microorganisms in aerobic degradation of metals may be significantly underrated (Ford & Mitchell 1990) .
According to Lee et al. (1995) , a uniform coverage by an aerobic biofilm may substantially decrease the corrosion rate due to the oxygen consumption and increased mass transfer resistance since the corrosion rate of steel in aerobic bulk liquid is controlled by the transport of dissolved oxygen (DO). It was also reported that agar-coated steel (simulated slime) demonstrated very high polarization resistance and correspondingly low corrosion rates.
The formation of ion concentration cells, bacterial polymer-metal interactions, activities of metal-transforming and acidproducing bacteria, and thermophillic reactions are other aerobic microbial processes that may accelerate corrosion (Ford & Mitchell 1990 ). According to Ford and Mitchell (1990) , the most apparent influence of an aerobic community on a metal surface is the creation of differential aeration cells. This process is known as tuberculation (Lee et al. 1995) . Oxygen reduction occurs around the tubercle base and at the inner magnetite shell, while anodic iron dissolution occurs underneath the tubercle (Figure 2) (Lee et al. 1995) . Ferrous ions generated in the anodic region migrate through the overlaying material, producing an anion flux opposite to the outward ferrous ion migration (Lee et al. 1995) . Due to the increased concentration of an-ions such as chloride, the pH eventually decreases within the tubercle.
Biofilms, which form under aerated conditions, cause corrosion by the formation of differential aeration cells or concentration cells. Thus aerobic corrosion occurs when the oxide film is damaged, or oxygen is kept from the metal surface by the microorganisms and rapid pitting or corrosion occurs under the biofilm (Borenstein 1994) .
Due to the fact that microbial and chemical corrosion enhances each other in aerobic conditions, it is difficult to differentiate between the two processes (Ford & Mitchell 1990) .
Microorganisms Involved in Aerobic Biocorrosion Corrosion Caused by Sulphur Oxidisers
Bacteria can release aggressive metabolites, such as organic (acetic, succinic, isobuteric, etc.) or inorganic acid (sulphuric) (Borenstein 1994) . Corrosion occurs underneath these bacteria,
FIG. 1.
The microbial corrosion system: interaction between various compartments (Lee et al. 1995) .
Bulk liquid phase

FIG. 2.
Differential aerationcell formed by oxygen depletion under a microbial surface film (Ford & Mitchell 1990). with under-deposit corrosion caused by acid-producing bacteria, as shown in Figure 3 (Borenstein 1994) .
The thiobacilli are a group of aerobic, chemolithotrophic autotrophs and obtain energy for CO 2 fixation by a number of related reactions involving the oxidation of sulphur, hydrogen sulphide, or other reduced sulphur compounds to sulphuric acid (Prescott et al. 1990; Cloete & Flemming 1997) . In stressing the importance of anaerobic corrosion by SRB, corrosive effects of acids produced by microorganisms may be overlooked (Iverson 1987) . Sulphur oxidisers chiefly of the genus Thiobacillus form sulphuric acid, which is a strongly corrosive agent, especially in concrete structures where the steel is corroded and the carbonates solubilized (Brözel & Cloete 1989) .
The following series of interlinked reactions performed by Thiobacillus species leads to the formation of free sulphuric acid (Cloete & Flemming 1997 T. thiooxidans and T. concretivorus can grow at pH 0.7, and the effects of sulphuric acid at these concentrations on metals and concrete are evident (Cloete & Flemming 1997) . T. ferrooxidans is of particular interest, as it is able to oxidise both ferrous iron and sulphur compounds (Borenstein 1994) . T. ferrooxidans is used in the recovery of metals from low-grade sulphide ores, and produces sulphuric acid from the mineral pyrite (FeS 2 ) (Cloete & Flemming 1997) . Resulting acidic mine waters can cause serious corrosion of pumping machinery.
FIG. 3.
Acid production (organic or inorganic) by adherent film-forming bacteria with consequent promotion of electron removal from cathode by hydrogen or dissolution of protective calcareous film on stainless steel surface (Borenstein 1994) .
FIG. 4.
Iron and manganese oxidation and precipitation in presence of filamentous bacteria. Stainless steel pitting in presence of chloride ions concentrated at surface in response to charge neutralization of ferric and manganese cations (Borenstein 1994 ).
According to Borenstein (1994) it was showed that under laboratory conditions aerobic acetic acid-producing bacteria could accelerate the corrosion of cathodically protected stainless steel in synthetic salt solution. The acetic acid destabilizes or dissolves the calcareous film that formed during cathodic polarization.
Corrosion Caused by Iron or Manganese Bacteria
Two types are included: the stalked bacteria in the genus Gallionella, and filamentous bacteria in the genera Sphaerotilus, Crenothrix, Leptothrix, Clonothrix, and Lieskeella (Iverson 1987) . These aerobic iron bacteria oxidise ferrous to ferric iron (Fe 2+ = Fe 3+ + e´), catalysing the deposition of tubercles, especially on stainless steel weld seams (Brözel & Cloete 1989) . Gallionella exude metal oxide and produce insoluble waste high in iron and manganese (Borenstein 1994) . They seem to concentrate chloride ions, which aggravates corrosion, particularly in crevice conditions and in austenitic stainless steels. Members of the filamentous bacterial genus Leptothrix deposit ferric oxides in their sheath (Cloete & Flemming 1997) .
The iron and manganese bacteria may be aerobic and can oxidize ferrous iron to ferric iron, which can attract the chloride ion and produce ferric iron, which can attract the chloride ion and produce ferric chloride ( Figure 4 ) (Borenstein 1994) . Ferric chloride is extremely aggressive and pits stainless steel and the deposits from the bacteria are rich in ferric chloride, and deposits aggressively attack austenitic stainless steel (Borenstein 1994) . Pedomicrobium manganicum oxidises manganese in drinking water systems, and binds colloidal MnO 2 in the extracellular polysaccharide, they can even oxidise ferrous iron on stainless steel (Brözel 1990) . Metallogenium, Pedomicrobium, and Leptothrix species oxidize manganese (Mn 2+ ) and deposit Mn 4+ salts outside the cell wall (Cloete & Flemming 1997) . The iron bacteria normally contribute to corrosion by excessive slime masses creating differential oxygen concentrations and thus concentration cells (Von Holy 1985) .
Corrosion Caused by Other Aerobic Bacteria
In addition to the SRB, sulphur-oxidizing and iron bacteria, bacteria in the genus Pseudomonas and pseudomonas-like organisms have been reported in connection with cases of corrosion (Iverson 1987) . Pseudomonas is an aerobic slime-former and often forms thin films combined corrosion deposits on metal surfaces (Borenstein 1994) . Various Pseudomonas isolates have been implicated in reduction of ferric to ferrous iron, exposing steel to further oxidation as ferrous iron compounds are more soluble and the protective ferric iron layer is solubilized by this process (Cloete & Flemming 1997) . Pseudomonas species are most prevalent in industrial water environments along with several other slime-forming bacteria, where their primary role appears to be in colonising metal surfaces, thereby creating oxygen-free environments, which harbor SRB (Iverson 1987) .
Slime-formers, as their name so subtly implies, form slime. Pseudomonas, Escherichia, Flavobacterium, Aerobacter, and Bacillus are included in this group. They grow in a patchy distribution over the metal surface and exclude oxygen via respiration; the slime impedes oxygen diffusion, creating an oxygen concentration cell. The slime plays a role in the aggregation of bacteria in flocks and in films on surfaces (Borenstein 1994) .
Anaerobic Processes
Various authors have associated the SRB as the most widely distributed and economically important organisms with anaerobic corrosion, especially Desulfovibrio desulfuricans (Hamilton 1985; Ford & Mitchell 1990; Boivin & Costerton 1991; Crombie et al. 1980; Lee et al. 1995; Barton 1997) . According to Barton (1997) , SRB is the principal causative organism in MIC of platform structures, transmission lines, and general equipment, they are the likely cause of major reservoir damage including souring of the produced oil and gas, and plugging of the geological formation (Barton 1997) . Other microorganisms involved in anaerobic biocorrosion are MPB, iron-reducing bacteria and hydrogen-producing bacteria (Boopathy & Daniels 1991; Little et al. 1997; Ford & Mitchell 1990; Bro¨zel 1990) .
Proposed Mechanisms for Anaerobic Corrosion
Two questions have always been asked in attempts to understand the corrosion mechanisms. The first question is what the nature of the cathodic reaction is which prevents the electrolytic cell from becoming polarized due to the build-up of a hydrogen overpotential and the second, what, if any, is the role of sulphide in the overall corrosion process (Hamilton 1985) ?
Von Wolzogen Kuhr and van der Vlugt (1934) first postulated the most widely accepted theory for the mechanism of corrosion of iron and steel by cathodic depolarization. The essential step in this theory involves the removal of hydrogen (cathodic depolarisation) by the hydrogenase system of the SRB (Iverson 1987) . The cathodic depolarisation theory is summarized in the following equations (De Bruyn 1992) .
Initial reaction of iron placed in an aqueous environment:
A protective film of hydrogen is formed on the metal surface. Bacterial interaction:
Corrosion products:
The overall result can be presented by:
This scheme is certainly an oversimplification (Odom 1990 ). Other corrosive forces may be at work. For example, iron sulphide itself can chemically depolarise metal, and hydrogen sulphide or its oxidation products are chemically corrosive to iron and steel. Additionally, SRB may deposit corrosive phosphorus-containing metabolites or establish oxygen concentration cells on the metal surface (Odom 1990 ). The literature on MIC has been filed with evidence for and against the depolarization hypothesis of Von Wolzogen Kühr, and Van der Vlught (1934) (Iverson 1987) .
The Role of Hydrogenase in Anaerobic Biocorrosion
An important metabolic feature of many anaerobic microorganisms is the hydrogenase system responsible for the oxidation and production of molecular hydrogen. The hydrogenase system can be viewed as a major element responsible for the diversity of products in potentially useful anaerobic fermentations and as an essential activity for the cycling of inorganic compounds in nature (Fauque et al. 1988) . Von Wolzogen Kühr and van der Vlugt (1934) postulated that the SRB stimulated the corrosion reaction by removing atomic or cathodic hydrogen, thereby depolarizing the cathode (Hardy 1983) . However, much of the experimental evidence offered in support of the depolarization theory has been questioned, on the grounds that the electrochemical cathodic depolarizations observed could not be attributed solely to the action of bacterial hydrogenase (Hardy 1983) .
Hydrogen is an interspecies electron and proton transfer metabolite in microbial foods chains, and its metabolism in these organisms helps to explain corrosion of metals (Odom 1990 ). The following mechanism for the hydrogen electrode reaction in the absence of H 2 S is generally accepted (Lee et al. 1995) . A primary step (Equation 8) coupled with the molecular recombination desorption step (Equation 9) or with the electrochemical desorption step (Equation 10):
When H 2 S is present, there is an increase in proton discharge but the hydrogen evolution rate is suppressed (Lee et al. 1995) . The accumulation of SRB on steel surfaces minimises the diffusional distance between the cathodic hydrogen and the bacteria within the biofilm system. The hydrogen evolution rate is suppressed in the presence of H 2 S and it is doubtful that the uptake of H 2 , as related to the hydrogenase activity, is the rate-controlling step for SRB-enhanced corrosion (Lee et al. 1995) . The activity of the hydrogenase enzyme may be either directly involved in depolarising cathodic hydrogen from the metal surface or indirectly involved in the production of the metabolic end products cited and therefore plays and important role in anaerobic biocorrosion ( Figure 5 ) (Bryant & Laishley 1989) .
Corrosion by Hydrogen-Consuming Bacteria Sulphate reducing bacteria. Until recently, anaerobic MIC was thought to be mediated by only two genera of hydrogenaseproducing SRB, Desulfovibrio and Clostridium (Ford & Mitchell 1990 ). However, a number of other hydrogenase-producing, hydrogen-utilizing sulphate reducers have recently been isolated (Ford & Mitchell 1990) . A number of authors have shown that the presence and activity of hydrogenase may be regarded as a good indicator of biocorrosion activity (Pankhania et al. 1986 ). Accelerated corrosion rates have been observed when iron, corroded by SRB, is exposed to intermittent aerobic-anaerobic conditions (Ford & Mitchell 1990) . A similar effect of aeration on mild steel was observed and it was proposed that the biogenic sulphide film differentiated into anodic and cathodic sites as a result of the aeration (Table 1) . It was suggested that sulphideoxidizing bacteria are present within the anaerobic microbial community and that aeration may cause these bacteria to become active, producing acidic metabolites that considerably enhance the corrosion reactions (Ford & Mitchell 1990) . It was suggested that the transient hydrogen utilization might have resulted from the poisoning of atomic hydrogen to molecular hydrogen by traces of sulphide, molecular hydrogen being the substrate for the hydrogenase system rather than atomic hydrogen (Hardy 1983) . Any build-up of atomic hydrogen resulting from this sulphide poisoning could cause hydrogen uptake into the steel itself, resulting in hydrogen embrittlement and stress corrosion cracking.
The Role of SRB in Anaerobic Corrosion
SRB have been recognized as the most significant contributors to MIC. They have been branded as the most troublesome microorganisms to control because of their anaerobic growth potential underneath biological slimes or biofilms (Von Holy 1987) . According to Von Holy (1987) , MIC mediated by SRB is intimately linked to the presence of complex stratified biofilms, which are held together by massive excretions of microbial extracellular polymeric substances (EPS or glycocalyx). In the presence of SRB, steel and other iron alloys in an anoxygenic aqueous surrounding corrode up to four times as fast than with normal oxygen promoted corrosion (Brözel & Cloete 1989) .
SRB are usually not the first group of organisms to become established in fresh water systems (Cloete & Flemming 1997) . Initially, microbial populations are composed predominantly of aerobic microorganisms. As these grow, biofilms accumulate and a strong reducing environment develops at the point of attachment. The SRB now begin to grow. The metabolites of the aerobic microorganisms not only produce reducing conditions but also provide nutrients for the SRB, which permit them to grow at a rapid rate. Corrosion develops in the areas where the SRB have grown to high numbers. Thus anaerobic MIC can occur in fresh water systems. While the recirculating water in these systems contains free oxygen, the areas in which the SRB grow are anaerobic (Cloete & Flemming 1997) . Lee and Characklis (1993) studied corrosion of mild steel under anaerobic biofilm. A mixed population biofilm, including SRB in a continuous flow system were used. No correlation was observed between corrosion and SRB in the absence of ferrous iron. Furthermore, corrosion of mild steel in the SRB environment was determined by the nature of the metal and environmental conditions such as dissolved iron concentration. The experimental investigations, which they reported, provided strong evidence that corrosion of mild steel was insignificant even in the presence of an active SRB biofilm. This might be attributed to the high activation energy for hydrogen reduction and/or recombination. However, in the combined presence of an SRB biofilm with dissolved oxygen, dissolved iron, and iron sulphide, corrosion is enhanced.
Four main predisposing factors to microbiological corrosion by SRB have been identified:
Proposed mechanism of anaerobic corrosion of iron in the presence of sulphate-reducing bacteria (Ford & Mitchell 1990 ).
• high levels of available sulphate • anaerobic conditions • areas of low or no flow • the presence of biological slime or other deposits (Von Holy 1987).
Characteristics of MIC by SRB:
• It occurs in anaerobic environments in the presence of water. Encrustations or "tubercles" on the metal harbour SRB and provide suitable anaerobic conditions for corrosion • The corroded metal is pitted rather than evenly corroded. The rate of pitting increases with time, indicating that the process is of an autocatalytic character. Corroded pipes therefore perforate rather than disintegrate • Cast iron leaves a carbon residue at the site of corrosion, and the metal becomes "graphitized" (Cloete & Flemming 1997 ).
When exposed to pure cultures of SRB under strictly anaerobic conditions in the laboratory, a dramatic and distinctive type of corrosion occurs (Odom 1990 ). For example, stainless steel develops a characteristic deep pitting after several weeks of exposure to Desulfovibrio desulfuricans, whereas carbon steel develops a more generalised surface corrosion, and severe endgrain corrosion of the metal is the primary symptom. The danger in such highly localized corrosion is that it develops rapidly and often is difficult to detect before metal failure has already occurred.
According to Lee et al. (1995) , mass transfer resistance into the biofilm limits the activity of SRB in an anaerobic biofilm and/or diffusional resistance within the biofilm and activity is normally expressed as the sulphate reduction rate or sulphide production rate. Accelerating corrosion of steel by SRB activities can be attributed either directly to removal of hydrogen or indirectly to the production of H 2 S. Only an indirect correlation between biofilm SRB activity and corrosion rate was found (Lee et al. 1995) . The mechanism of corrosion appeared to depend on the chemical and physical nature of the corrosion products rather on the SRB activity. A similar lack of correlation between biofilm SRB activity and corrosion rate in an iron-free medium was found (Lee & Characklis 1993) . In this instance, the biofilm SRB activity was controlled by the substrate-loading rate, which equalled the product of the dilution rate and consumed substrate concentration divided by the surface area (Lee et al. 1995) . There was no detectable difference in either weight loss or electrochemical measurements as SRB activity was increased.
According to Barton (1997) it is now possible to identify with some degree of certainty many aspects of the mechanism of SRB-induced biocorrosion ( Figure 6 ):
• SRB-induced biocorrosion is an electrochemical event • The crucial property is the production of sulphide, which reacts with the released metal ions to produce a range of iron sulphides. The chemical and physical nature of these sulphides is critically influenced by environmental parameters.
• The relative concentrations of free sulphide anion and soluble iron will determine both the chemical nature and physical form of the sulphide corrosion products.
• Exposure to oxygen both markedly accelerates corrosion and leads to the conversion of the primary sulphide products to pyrite and elemental sulphur • Naturally occurring SRB-induced biocorrosion is invariably characterised by localized metal dissolution and the formation of pits. This is not always the case in various laboratory simulations of corrosive processes.
FIG. 7.
Schematic diagram of transport and transformation processes contributing to corrosion of mild steel in a totally anaerobic biofilm (Lee et al. 1995) . Figure 7 summarizes the processes contributing to corrosion of mild steel in a totally anaerobic biofilm and are as follows: (1) transport of nutrients to the biofilm, (2) general anaerobic metabolic processes, (3) sulphate reducing process, (4) ferrous sulphide precipitation, and (5) electrochemical corrosion process (Lee et al. 1995) .
According to Lee et al. (1995) the corrosion rate of mild steel is not controlled directly by SRB activity, but indirectly through the nature of reduced iron sulphides formed as corrosion products.
Thus, SRB can stimulate the cathodic reaction by:
• The removal of hydrogen (directly)
• Formation of iron sulphides (indirectly)
• Dissolved oxygen (Lee et al. 1995) According to Hardy (1983) , the following findings concerning the physiology of SRB, particularly relating to the role of hydrogenase, are of possible significance in the context of the depolarization theory:
• Hydrogen metabolism in SRB has been shown to be much more significant in the natural environment than was previously recognized. This has been substantiated by the finding that growth on hydrogen supplied as the sole energy source is a widespread ability among the SRB. Oxidation of cathodic hydrogen might, therefore, be a significant source of energy for sulphate reduction.
• Two, possibly different, hydrogenases have been found in Desulfovibrio spp: one is a periplasmic enzyme (associated with the outer membranes) and the other, an intracellular cytoplasmic enzyme. The periplasmic enzyme appears to be the uptake enzyme when cells are grown on hydrogen. There is some evidence to suggest that the periplasmic enzyme constitutes a greater proportion of the total hydrogenase present in hydrogen-grown cells than of the hydrogenase in lactate-grown cells. It is feasible, therefore, that the type of energy source available during the growth of cells, which are then used in depolarisation experiments, might influence the cells' ability to use cathodic hydrogen.
According to Speece (1996) , sulphate reduction is strongly enhanced by the addition of H 2 gas or hydrogen precursors such as ethanol. It was established that formate did not stimulate the activity of SRB, but the SRB, even for their preferred substrate H 2 apparently endured stiff competition from the hydrogenotrophic MPB. On average only 50% of the available H 2 was captured by the SRB.
Studies in support of the depolarisation theory employed hydrogenase-positive Desulfovibrio spp. with benzyl viologen as terminal oxidant, thus obviating any potential complication from the production of sulphide (Hamilton 1985) .
In another experiment, polarization and potentiostatic techniques were used to demonstrate the cathodic polarisation of metal test coupons caused by a washed cell suspension in an organic buffer (Booth & Tiller 1960) . According to Hamilton (1985) , these techniques, in which the extra current required to maintain a controlled potential at the cathode is recorded, give a direct measurement of the corrosion rate. The hydrogenase-negative Desulfotomaculum orientis was completely inactive in this system (Hamilton 1985) .
It was found that hydrogen was an important electron donor for SRB present in Salt Marsh Sediments during studies done by Nedwell and Banat (1981) . During anaerobic studies conducted by Cord-Ruwisch and Widdel (1986) , hydrogenase-positive Desulfovibrio strains, growing with limiting lactate concentrations in the presence of steel wool, formed more sulphide than observed with lactate alone. The additional sulphide originated from sulphate reduction with cathodically formed hydrogen from the steel surface. The hydrogenase negative D. sapovorans did not produce additional sulphide. Pankhania et al. (1986) showed that Desulfovibrio vulgaris are able to grow on acetate plus CO 2 as carbon source with H 2 as the sole source of energy. The utilization of cathodic hydrogen from a mild steel electrode was demonstrated electrochemically and physiologically by D. vulgaris. D. vulgaris depolarised the metal electrode and growth on acetate under N 2 /CO 2 was dependent on the presence of the electrode. Although the highest corrosion rate was observed under aerobic conditions, D. vulgaris significantly increased the corrosion rate under anaerobic conditions. When carbon steel was exposed to three organisms (Eubacterium limosum, Desulfovibrio, sp. and Desulfobacter sp.), provided with H 2 /CO 2 , buthanol, glucose and acetate as carbon and electron source, a consortium of these bacteria utilising hydrogen gave rise to relatively high corrosion rates, with respect to corrosion resulting from bacteria supplied with organic electron sources (Dowling et al. 1992) . Brandis and Thauer (1981) , showed that Desulfovibrio vul-garis, D. desulfuricans, and D. gigas could grow on H 2 and sulphate as sole energy source. Thus, lithotrophic growth on H 2 and sulphate is not a unique property of a few newly isolated Desulfovibrio strains as previously reported.
Using [
35 S] sulphate to follow respiration, a resting cell suspension of SRB in buffered 0.5 M NaCl was found to be capable of removing and using hydrogen generated at cathodic sites on mild steel, low-carbon pipeline steel or platinum working electrodes (Hardy 1983) . However, the relative amounts of the observed depolarization attributable to bacterial hydrogenase and that due to the sulphides produced could not be determined. It is unlikely that utilization of cathodically generated hydrogen coupled with sulphide production will be the dominant mechanism by which SRB cause corrosion of steel because of the relatively small amounts of cathodic hydrogen. It must undoubtedly, a contributory factor. Bryant et al. (1991) studied the effect of hydrogenase and mixed SRB populations on the corrosion of steel. Using mixed populations of SRB isolated from corroded and non-corroded oil pipelines assessed the importance of hydrogenase activity to corrosion of steel. It was found that biofilms, which developed on the steel studs, contained detectable numbers of SRB. However, the biofilm with active hydrogenase activity was associated with a significantly higher corrosion rate relative to noncorrosive biofilm with SRB but no measurable hydrogenase activity. Thus, hydrogenase activity present in the SRB may influence the biocorrosion process and also be subject to repression or induction mechanisms. Brözel (1990) reported that many SRB could utilize hydrogen as energy source, or at least catalyse oxidation of hydrogen and that certain SRB can grow on hydrogen and sulphate as sole energy source. Although there was much controversy about utilization of cathodic hydrogen in older literature, it now appears to be an accepted fact (Brözel & Cloete 1989) . In this mechanism, where the combination of adsorbed H atoms to produce H 2 gas is considered to be the rate-controlling step, bacteria effectively increase the hydrogen evolution rate and increase the corrosion rate accordingly (Lee et al. 1995) .
The Effect of Methanogenic Bacteria on Anaerobic Corrosion
In many environments, MPB are found near SRB and may play a role in biocorrosion there, as well as in environments relatively free of SRB (Boopathy & Daniels 1991) . Boopathy and Daniels (1991) demonstrated that cathodic depolarisation was a mechanism responsible for corrosion and oxidation of elemental iron and mild steel; methane is produced as the result of the chemical production of low levels of H 2 gas. Virtually all MPB use H 2 as an electron donor, with CO 2 as the sole source of carbon, although some can use other substrates as well (e.g., methanol or acetate; Figure 8 ) (Boopathy & Daniels 1991) .
The Role of Iron-Reducing Bacteria in MIC
A group of organisms about which much less is known in terms of role(s) in corrosion are the dissimilatory metal reducers (Little et al. 1997) . Dissimilatory iron and/or manganese reduction occurs in several microorganisms, including anaerobic and facultative aerobic bacteria. Anodic depolarization by iron-reducing bacteria has been the subject of extensive investigation (Ford & Mitchell 1990) . Facultative anaerobes that were capable of using ferric ions, as terminal electron acceptors were isolated from oil production systems. These isolates were initially characterised as Pseudomonas sp. But have since been reclassified as Alteromonas putrefaciens strains (Ford & Mitchell 1990) . Their mode of action was to attach to mild steel, removing the passive Fe 2 O 3 film and forming a dense fibrous mat. The surface of the metal was pitted beneath the mat as a result of anodic depolarization (Ford & Mitchell 1990) . The suggested mechanism is through reduction of the ferric ion, in this case an insoluble protective layer, to the soluble ferrous ion (Ford & Mitchell 1990) . It was later suggested that the combination of anodic and cathodic depolarisation, the latter by SRB, account for the severe corrosion of these pipe lines (Ford & Mitchell 1990) . Little et al. (1997) used synthetic iron oxides as model compounds to simulate the mineralogy of passivating films on carbon steel. When carbon steel electrodes were exposed to Shewanella putrefaciens MIC was demonstrated electrochemically and microscopically. Metal-depositing bacteria produce visible tubercles that are unmistakable in their appearance (Little et al. 1997) . Shewanella putrefaciens can use hydrogen as an electron donor for reduction of metals appearance (Little et al. 1997) . As ferric iron is insoluble except at very low pH, ferric salts protect the metal surface from further corrosion due to chemical activity (Brözel 1990) . Ferrous salts are mostly soluble and therefore reduction of ferric salts results in removal of the protective layer. Therefore iron-reducing pseudomonas promotes corrosion indirectly (Brözel 1990 ).
The Role of Other Hydrogenase-Positive Organisms in Anaerobic Biocorrosion
Although many of the SRB have the ability to utilise hydrogen, there are also many other non-SRB that possess the enzyme hydrogenase and have the ability to produce sulphide from partially reduced inorganic sulphur compounds (Bryant & Laishley 1989) .
Various hydrogenase-positive Chlorophyta and Cyanophyta species utilize cathodic hydrogen (Brözel 1990 ). According to Iverson (1987) , cathodic polarization studies on three strains of hydrogenase-positive Cyanophyta indicated that the organisms were able to utilise cathodic hydrogen. It has, however, been found that under healthy microalgal mats composed of Oscillatoria, colonial diatoms, and Enteromopha sp., the pH is raised to high values, which tends to reduce the corrosion rate. In areas where there is decay of the mat, the pH was lowered, probably due to the production of corrosive organic acids, causing differential pH corrosion cells as well (Iverson 1987) . Conditions were also found rendered favorable for the growth of SRB.
A variety of hydrogenase-positive, photosynthetic, and non-photosynthetic bacteria have been tested in the laboratory for their corrosive effect by the cathodic polarization technique (Iverson 1987) . Only small effects were noted. During laboratory studies, several heterotrophic bacteria, which form H2, CO2, and acids, have been reported to play an important role during the corrosion of iron (Iverson 1987) .
In 1989, Bryant and Laishley studied the role of hydrogenase in anaerobic biocorrosion. Since all hydrogenases appear to be active in the reversible activation of the hydrogen molecule, hydrogenase from Clostridium pasteurianum was used as a test enzyme for investigating the role of cell-free hydrogenase in anaerobic biocorrosion of mild steel. Evidence was presented which demonstrated the activity of the hydrogenase enzyme in catalysing removal of cathodically, produced hydrogen from mild steel in the presence of the appropriate electron acceptors. The results from these experiments imply that dead cells may also provide, by virtue of their biochemical makeup, all the necessary ingredients to catalyse corrosion of mild steel. Bryant and Laishley (1989) summarized the results obtained in the form of four models (Figure 9 ). Booth et al. (1968) proposed an alternative mechanism for cathodic depolarization. In addition to utilization of polarising hydrogen by the bacterial hydrogenase system, there is evidence of depolarization of the cathode by iron(II)sulphide. It was also proposed that the cathodic reaction, that is, hydrogen evolution, occurred on the iron(II)sulphide formed by the reaction of the iron(II)ion with the bacterially produced sulphide ion (De Bruyn 1992) . SRB acts as cathodic depolarizers and produce corrosive hydrogen sulphide and thus, play a dual role in causing corrosion (Von Holy 1987) . According to Von Holy (1987) , cathodic depolarization is thought of as a biological catalyst, involving the enzyme hydrogenase present in the SRB cell. Bacterial action reduces the sulphate present in the water to sulphides, using the hydrogen to form hydrogen sulphide. The hydrogen sulphide reacts with the dissolved ferrous iron, which is released at the anode to form an iron sulphide precipitate (black) (Von Holy 1987) .
Corrosion by Iron Sulphides
The formation of iron sulphides in the presence of iron and Desulfovibrio desulfuricans, in a batch culture, was studied (Lee et al. 1995) . The biogenic iron sulphides were identical with those produced by purely inorganic processes under the same conditions. It was therefore concluded that the biogenic and abiogenic iron sulphides could not be distinguished.
Several authors have investigated the effect of ferrous sulphide concentration in a suspended culture (Lee et al. 1995) . Several findings were made:
• Based on a semi-continuous culture experiment, it was reported that the presence of sufficient concentration of ferrous ions in the medium to precipitate the biogenic sulphide and inhibit protective film formation, led to a great increase in corrosion rate • In a semi-continuous culture the increase in ferrous ion concentration caused breakdown of the protective mackinawite film and the rate of corrosion after lime breakdown increase proportionally to the ferrous ion concentration Film breakdown in this instance was attributed to the transformation of mackinawite to nonprotective smythite and pyrrhotite, rather than to greigite (Lee et al. 1995) .
Although SRB utilise cathodic hydrogen, the relatively low rates of sulphate respiration observed indicated that it was unlikely that cathodic hydrogen removal was the dominant mechanism whereby SRB induced corrosion (Hardy 1983) . The concomitant generation of sulphide was probably or more significance in terms of corrosion (De Bruyn 1992) . According to De Bruyn (1992) the consumption of cathodic hydrogen as well as the sulphide production of SRB may influence the anaerobic corrosion of iron.
An adherent sulphide film is formed in the presence of SRB when the system contains low concentrations of dissolved iron (Lee et al. 1995) . It was shown that when the steel surface was pre-coated chemically with a layer of iron sulphide, followed by biofilm accumulation in an iron-free medium, some localised corrosion occurred (Lee et al. 1995) . Aggregate of bacteria had iron sulphide crystal associated with inclusions were found inthe localized corrosion areas beneath the sulphide film and biofilm. Although biofilm accumulation reduced the spalling of the iron sulphide layer, as compared with abiotic conditions, the risk of localised corrosion is significant (Lee et al. 1995) .
Results obtained by Lee and Characklis (1990) indicated that iron sulphide films on metal surfaces did not offer protection from anaerobic MIC. They concluded that:
• The anaerobic corrosion process at low hydrogen sulphide concentration at pH 8 under continuous flow conditions was initiated at defect sites in the iron sulphide film or metal matrix and propagated through film spalling and rupture • The loosely accumulated iron sulphide accelerated corrosion of mild steel due to cathodic-only depolarization, which is limited by concentration diffusion polarization • Accumulation of biofilm on a precoated iron sulphide film could reduce spalling of iron sulphide film but could not avoid the risk of localized corrosion. SRB stimulates the cathodic reaction indirectly by the formation of iron sulphides (Lee et al. 1995) . Iron sulphides must have access to the bare steel surface for corrosion to occur by this mechanism (Lee et al. 1995) . Once a galvanic cell is established, mild steel behaves as an anode and proton discharge and electron transfer occur on and through the irons sulphide (Lee et al. 1995) . Iron sulphides increase the rates of corrosion by decreasing hydrogen over-voltage and/or adsorbing the cathodically produced hydrogen (Lee et al. 1995) . A ferrous sulphide layer is formed on the metal surface by Fe 2+ reacting with H 2 S (produced by SRB at low free ferrous iron concentrations) (Brözel 1990) . Interest was kindled in ferrous sulphide and its many colloidal and crystalline states prompted by the finding that bacterial hydrogenase activity alone could not explain metallic corrosion in the presence of SRB (Brözel & Cloete 1989) .
According to Brözel and Cloete (1989) , this film initially protects the surface, decreasing the corrosion rate. However, the film is dependent on the free ferrous iron concentration. At low concentration (25 µM) it transforms to the more corrosive greigite (Fe 3 S 4 ) and crumbles at higher concentrations (125 µM). These results provide pointless information for in situ corrosion where the metal surface is covered by a biofilm, which buffers ion motility and chelates ions. It was shown that where SRB had already established on the metal surface, subsequent reduction of free ferrous concentration had no effect on the corrosion rate, as SRB were in direct proximity to the metal surface (Brözel & Cloete 1989) .
According to Brözel and Cloete (1989) , it was found conclusively that iron sulphide and not cathodic iron was the cathode, hydrogen evolution occurring there. It was found that especially a Pseudomonas isolate reduced ferric to ferrous iron, preventing film formation by increasing the free ferrous concentration (Brözel & Cloete 1989) . Apart from promoting corrosion in micro-aerophillic areas, this organism would clearly contribute to corrosion in older biofilms by activity distal to the corrosion rate (Figure 10 ).
Sulphur and Sulphur Compounds
Elemental sulphur has been observed around corrosion pits caused by the action of SRB. High corrosion rates of steel have been noted in the presence of elemental sulphur. Oxidation of sulphide to sulphur could occur abiotically or by the action of reduced sulphur oxidizing bacteria (De Bruyn 1992) .
At or near neutral pH values, hydrogen sulphide produced by SRB, mainly in the form of HS -ions, reacts with iron to form a partially protective film of iron sulphide that may afford varying degrees of corrosion protection (Iverson 1987) . Under   FIG. 10 . Schematic presentation of the classical mechanism (top) and the adapted mechanism of cathodic depolarization where ferrous sulphide is the cathode (bottom) (Bro¨zel & Cloete 1989; Borenstein 1994). anaerobic conditions and at low pH values, where the hydrogen sulphides may be unbuffered or where the acidity may be due to organic acids, hydrogen sulphide will corrode iron with the release of hydrogen (De Bruyn 1992) . Hydrogen sulphide may be spontaneously or biologically oxidised to elemental sulphur in the presence of oxygen, or anaerobically by biological photosynthetic oxidation by, for example, green and purple sulphur bacteria. Elemental sulphur is corrosive to mild steel under aerobic as well as anaerobic conditions (De Bruyn 1992) . Mercaptans produced by a variety of organisms are also corrosive to certain materials (Iverson 1987) .
The Role of Hydrogen-Producing Bacteria in Corrosion
Damage to metals results from entry of atomic hydrogen into the lattice. This may result in embrittlement, with loss of ductility and tensile strength, crack propagation, or stress corrosion crackling. Hydrogen-induced failure of metals has been recognized as a serious problem because of the potential for catastrophic failure (Ford & Mitchell 1990) .
The role of bacteria and other microorganisms in the hydrogen embrittlement process is not understood (Ford & Mitchell 1990) . Because the production of atomic hydrogen has been identified as a major factor in hydrogen damage of metals, it can be assumed that microbial transformations involving the production of hydrogen would be relevant. Furthermore, the presence of microbially produced sulphide increases significantly the probability that metals will absorb hydrogen.
Under different nutrient regimes, SRB, which are traditionally thought to consume hydrogen and hence cathodically depolarise a metal will in fact generate hydrogen (Figure 11 ).
The Role of Reduced Phosphorous Compounds on Corrosion
Phosphate is similar in structure to sulphate, the phosphorous atom having a redox state of +V (Brözel 1990) . Desulfovibrio desulfuricans produced colloidal iron phosphate in yeast extract both in the presence of steel and a hydrogen atmosphere and phosphate increase the rate of corrosion of carbon steel in the presence of this organism, especially when the organic energy source was the limiting substrate (Brözel & Cloete 1989) . Because reduced phosphorous is highly reactive, it could contribute to corrosion of iron. However, its production by SRB has not been conclusively shown (Brözel 1990) .
According to Iverson (1987) , previous reports by many investigators stated that the rate of anaerobic corrosion was related to the ferrous ion concentration in the medium; the greater the concentration the greater the corrosion rate. Extensive corrosion of steel was obtained under anaerobic conditions in a filtrate of a marine culture of Desulfovibrio from which all the free sulphide ions were removed by addition of ferrous ions and the resulting iron sulphide and the bacterial cells were removed by Seitz filtration (Iverson 1987) . These results indicated that neither iron sulphide nor sulphide ions, nor bacterial cell were necessary for the corrosion. Furthermore, the main corrosion product was again found to be amorphous iron phosphide and further results indicated that the corrosive agent was a volatile phosphorus compound produced by the SRB. The stimulation of corrosion by ferrous ions was due to the prevention of iron sulphide film formation by the precipitation of sulphide ions as bulk iron sulphide in solution, thereby permitting the corrosive phosphorus compound to come into contact with the bare iron surface and initiate corrosion (Iverson 1987) . The breakdown of a performed iron sulphide film would permit the phosphorus compound access to the iron surface and initiate corrosion (Iverson 1987) .
Several authors have emphasised the importance of dissolved oxygen on the SRB-related corrosion of ferrous metal and alloys
FIG. 11.
Competition between hydrogen-consuming, hydrogen-producing bacteria, and hydrogen-absorbing metals (Ford & Mitchell 1990 ). (Lee et al. 1995) . Accelerated corrosion rates have been observed when iron, corroded by SRB, is exposed to intermittent aerobicanaerobic environments (Lee et al. 1995) . It was showed that corrosion rates of mild steel increased substantially when after several days' incubation anaerobic cultures were sparged with air and it was suggested that environmental factors, most notably oxygenation, are central to determining the rate and extent of SRB related corrosion (Lee et al. 1995) . The accelerated corrosion rate with dissolved oxygen in the presence of SRB can be attributed to the combined effect of acid-volatile-sulphides and non-acid-volatile sulphide (Lee et al. 1995) . Figure 12 summarizes the processes contributing to the corrosion of mild steel in adjacent oxic and anoxic biofilms (Lee et al. 1995) . There are more processes involved in the aerobic/anaerobic system than in a totally anaerobic system. In addition to the ferrous sulphide production, the oxygen uptake in the aerobic system needs to be addressed to explain the pronounced effect of dissolved oxygen on SRB-enhanced corrosion. The oxygen consumption in the aerobic system can be attributed to the following processes: (1) aerobic respiration processes; (2) microbial and chemical reoxidation of sulphides and ferro compounds (e.g., Fe 2+ , FeS, FeS 2 and S 0 ); and (3) cathodic depolarisation process (Lee et al. 1995) .
According to Barton (1997) , Hardy and Brown (1984) exposed a sheet of mild steel to a growing culture of a marine Desulfovibrio sp. under controlled conditions of anoxia and noted the formation of a non-homogeneous black gelatinous biofilm with a number of small tubercles. A low rate of corrosion was reported. After completion of the growth phase, the vessel was subjected to short pulses of air and during these it was noted that the corrosion rate showed an instantaneous 90-fold increase to a value of 650 µm.y -1 . The nature of the corrosion was pitting, directly associated with the tubercles. The design of this experiment clearly excludes the possibility of oxygen having its effect on the growth of the SRB, or on the initial stages of biofilm development and the accumulation of ferrous sulphide corrosion products.
The initial corrosion behavior of mild steel under an aerobic/ anaerobic biofilm has been systematically studied by changing the bulk dissolve oxygen concentrations at constant substrate loading rate (Lee et al. 1995) . The mixed population biofilms were heterogeneous (or "patchy") with respect to the spatial distribution of microbial species. In anaerobic microniches SRB were found to proliferate even when dissolved oxygen penetrated the entire biofilm at other locations. These findings show that during the initial stage of biofilm accumulation aerobic corrosion was evident and the corrosion rate decreased with time. However, during later stages of biofilm accumulation, SRB-enhanced corrosion began as a localised attack, which was eventually propagated over the entire steel surface (Lee et al. 1995) . The influence of bulk DO concentration on the second-stage SRB-related corrosion is significant. At low bulk DO concentration, several sulphide-attacked areas were observed in the form of small, shallow pits. At high bulk DO concentration, initial sulphide attack was concentrated at one spot. Consequently, large, deep pits were observed within the sulphide-attacked areas. These results suggest that it is likely to be the patchiness of the SRB biofilm which is responsible for the observed localized attack, rather than any special features of either the anodic or cathodic reactions within the electrochemical corrosion cell (Lee et al. 1995) .
On the basis of these studies, it was hypothesized that SRB and their sulphide and sulphur corrosion products stimulate corrosion cathodically by acting as electron carriers between the metal surface and the oxic interface within the biofilm (Table 2) .
FIG. 12.
Schematic diagram of transport and transformation processes contributing to corrosion of mild steel in aerobic/anaerobic biofilm (Lee et al. 1995) . 
CONCLUSIONS
It is evident that many biotic and abiotic (physical and chemical) factors have demonstrable effects on bacterial attachment to solid surfaces, including physical factors such as: hydrodynamic forces; shear effects; substratum roughness; some physicochemical and thermodynamic factors and gravity that promotes the attachment of nonmotile bacteria to surfaces. These and many other factors, such as substratum chemistry, surface free energy, and solution ionic strength, are recognized as vital in some way to biofilm formation and development. An understanding of the activities of microorganisms on surfaces and an insight into the influence of certain surface features are critical to the control of biocorrosion and other biologically mediated processes.
The following key questions require answers in any attempt to describe mechanisms underlying microbial corrosion:
• Are microorganisms involved in the creation of an electrochemical cell, or in its continued functioning over a prolonged period? • Do they affect principally the anodic or cathodic reaction?
• Is the mechanism direct or indirect?
• What is the identity of the cathodic electron acceptor, particularly under anoxic conditions?
• Is the influence of biofilm growth primarily metabolic through the combined action of organisms present as a consortium, or physical through the development of diffusion gradients and microenvironments?
• Can pitting corrosion be the consequence of colonial growth or development of a patchy biofilm?
• Do the corrosion products themselves have an influence on the nature and extent of any further corrosion?
To understand biocorrosion, it is important to integrate chemical and physical phenomena with microbial physiology. Investigation of microbial parameters, such as the identity of the microorganisms and their spatial distribution, for example, by fluorescently labelled 16S rRNA probes, is in this context a key factor. However, data on the microbial activity and the chemical situation within the biofilm (investigated via micro-electrodes) have more relevance toward the corrosion problem than knowing which bacteria are present. Together with this, electrochemical phenomena on the metal surface have to be quantified and interrelated to have a global view on the complex situation.
